Objective The effects of sigma receptor antagonists on methamphetamine (METH)-induced stereotypy have not been examined. We examined the effects of sigma antagonists on METH-induced stereotypy in mice. Results The administration of METH (10 mg/kg) to male ddY mice induced stereotyped behavior consisting of biting (90.1%), sniffing (4.2%), head bobbing (4.1%), and circling (1.7%) during an observation period of 1 h. Pretreatment of the mice with BMY 14802 (α-(4-fluorophenyl)-4-(5-fluoro-2-pyrimidinyl)-1-piperazinebutanol; 1, 5, and 10 mg/kg), a non-specific sigma receptor antagonist, significantly increased METH-induced sniffing (19.2%, 30.5%, and 43.8% of total stereotypical behavior) but decreased biting (76.6%, 66.9%, and 49.3% of total stereotypical behavior) in a dosedependent manner. This response was completely abolished by (+)-SKF 10,047 ([2S-(2α,6α,11R)]-1,2,3,4,5,6-hexahydro-6,11-dimethyl-3-(2-propenyl)-2,6-methano-3-benzazocin-8-ol; 4 and 10 mg/kg), a putative sigma 1 receptor agonist, and partially by PB 28 (1-cyclohexyl-4-[3-(1,2,3,4-tetrahydro-5-methoxy-1-naphthalen-1-yl)-n-propyl]piperazine; 1 and 10 mg/kg), a putative sigma 2 receptor agonist. The BMY 14802 action on METH-induced stereotypy was mimicked by BD 1047 (N-[2-(3,4-dichlorophenyl)ethyl]-N-methyl-2-(dimethylamino)ethylamine; 10 mg/kg), a putative sigma 1 receptor antagonist, but not by SM-21 ((±)-tropanyl 2-(4-chlorophenoxy)butanoate; 1 mg/kg), a putative sigma 2 receptor antagonist. The BD 1047 effect on METH-induced stereotypy was also abolished completely by (+)-SKF 10,047 and partially by PB 28. The overall frequency of METHinduced stereotypical behavior was unchanged with these sigma receptor ligands, despite the alteration in particular behavioral patterns. The BMY 14802 action on METHinduced stereotypy was unaffected by pretreatment with centrally acting histamine H 1 receptor antagonists (pyrilamine or ketotifen, 10 mg/kg), suggesting that these effects are independent of histamine H 1 receptor signaling systems. Conclusion In summary, modulation of central sigma 1 receptors alters the pattern of METH-induced stereotypy, producing a shift from stereotypical biting to stereotypical sniffing, without affecting the overall frequency of stereotypical behavior.
Introduction
The systemic administration of amphetamines to rodents induces increased motor activity that is replaced by repetitive and compulsive behaviors called stereotypies at higher doses (Randrup and Munkvad 1967; Rebec and Bashore 1984; Segal and Kuczenski 1997; Berridge 2006) . Initial descriptions of amphetamine-induced behavior found that locomotor activity is mediated by the ventral striatum, whereas stereotypical behavior is mediated by the dorsal striatum (Kelly et al. 1975; Kelly and Iversen 1976) . Psychostimulant-induced stereotyped behavior in rodents can be characterized as several specific behaviors including vigorous grooming, sniffing, biting, licking, head bobbing, and circling. Individual behavioral components of amphetamine-induced stereotypies can also be dissociated anatomically, particularly with regard to striatal subregions. Stereotyped biting is associated with central and anterior portions of the caudate putamen, while stereotyped sniffing is associated with the nucleus accumbens (Costall et al. 1977) . Other orofacial behaviors appear to involve the ventrolateral striatum (Dickson et al. 1994) . Some of these behaviors may be more specifically related to particular pathologies, such as biting to self-injurious behavior, which would potentially implicate particular striatal subregions in these pathologies.
Overall, mesolimbic dopaminergic mechanisms have been proposed to play a critical role in the expression of stereotypy after acute psychostimulant administration (Robinson and Becker 1986; Lieberman et al. 1990; Budygin 2007) . Since some of the specific behaviors produced in these models closely resemble that of humans abusing amphetamines, animals that display stereotypy have been considered as an animal model for amphetamine psychosis and are considered to be particularly relevant to schizophrenia (Randrup and Munkvad 1967; Kramer et al. 1967; Rebec and Bashore 1984; Lieberman et al. 1990; Segal and Kuczenski 1997) , but because of the compulsive and repetitive nature of the behavior, amphetamine-induced stereotypies have also been considered as potential animal models of obsessive-compulsive disorder (Woods-Kettelberger et al. 1997 ) and autism (Aman 1982; Moy et al. 2008) .
Once initiated, methamphetamine (METH)-induced stereotypy persists for several hours in rodents, and the abnormal behavior is diminished by dopamine antagonists (e.g., Hamamura et al. 1991; Okuyama et al. 1999 ), but less so by other agents (Tatsuta et al. , 2006 Kitanaka et al. 2007) . Of the agents examined in those studies, lobeline, an alkaloid extracted from the plant Lobelia inflata, attenuated METH-induced stereotypy in a dose-dependent manner (Tatsuta et al. 2006 ) but did not alter the pattern of specific METH-induced behaviors in mice (Kitanaka et al. 2008) . In contrast to these observations, metoprine and SKF 91488, specific inhibitors of the histamine degrading enzyme histamine N-methyltransferase (HMT), altered the levels of specific METH-induced stereotyped behaviors, reducing biting but increasing sniffing, without affecting the overall frequency of stereotypical behavior ). These findings provided us with an approach to evaluate agents by their ability to modulate two independent components of psychostimulant-induced stereotypy: the overall frequency of stereotyped behavior and the distribution of distinct behavioral subcomponents.
The sigma receptor signaling system is an interesting novel therapeutic target for treatment and prevention of amphetamine abuse. Although the endogenous ligands specific for the sigma receptors are still unknown, some synthetic sigma receptor antagonists possess inhibitory effects on psychostimulant actions, including hyperactivity, behavioral sensitization, striatal dopamine release, and neurotoxicity (Ujike et al. 1992 (Ujike et al. , 1996 Terleckyj and Sonsalla 1994; Izenwasser et al. 1998; Takahashi et al. 2000; Nguyen et al. 2005; Matsumoto et al. 2007 ). The molecular basis of action of sigma antagonists on psychostimulant-induced behaviors is uncertain, but sigma receptor antagonists may attenuate extracellular dopamine release in specific brain regions because some sigma receptor agonists increase extracellular dopamine levels in the nigrostriatal system (Goldstein et al. 1989; Gudelsky 1999; Moison et al. 2003) .
The effects of sigma receptor antagonists on psychostimulant-induced stereotypy have not been examined. Initially, we examined the effects of a non-selective sigma antagonist on METH-induced stereotypy. However, since two sigma receptor subtypes (i.e., sigma 1 and sigma 2 ) have been found in the brain (for reviews see Walker et al. 1990; Guitart et al. 2004; Hayashi and Su 2004) , we further examined the effects of selective sigma 1 and sigma 2 receptor agents on METH-induced stereotypy in mice in terms of the overall frequency of stereotypy as well as the pattern of specific behaviors. In addition, we investigated whether actions of sigma receptor antagonists on METHinduced stereotypy were mediated by H 1 histaminergic neurotransmission, which is known to alter the expression pattern of METH-induced stereotypy ).
Materials and methods

Subjects
Male ddY mice (10 weeks old; Japan SLC, Shizuoka, Japan) were housed in groups of eight (cage size, 37×22× 15 cm) in a temperature-(22±2°C) and humidity-(50± 10%) controlled environment under a 12-h light/dark cycle (lights on at 07:00) with food and water available ad libitum except during testing. Observation of stereotyped behavior was made by trained observers, while measure-ments of locomotor activity were made using the Animex apparatus, as described below. Animal handling and care were conducted according to the Guide for the Care and Use of Laboratory Animals (7th edition, Institute of Laboratory Animal Resources-National Research Council, National Academy Press 1996) and all experiments were reviewed and approved by our Institutional Animal Research Committee. Mice were used only once (11-12 weeks old, 37-53 g) after at least 1 week habituation in the facility.
Reagents
METH hydrochloride was purchased from Dainippon Pharmaceutical Co. (Osaka, Japan). BMY 14802 hydrochloride (α-(4-fluorophenyl)-4-(5-fluoro-2-pyrimidinyl)-1-piperazinebutanol hydrochloride, a non-specific sigma receptor antagonist), BD 1047 dihydrobromide (N-[2- (3, 4-dichlorophenyl) ethyl]-N-methyl-2-(dimethylamino)ethylamine dihydrobromide, a putative sigma 1 receptor antagonist), SM-21 maleate ((±)-tropanyl 2-(4-chlorophenoxy) butanoate maleate, a putative sigma 2 receptor antagonist), (+)-SKF 10,047 hydrochloride ([2S-(2α,6α,11R)]-1,2,3,4,5,6-hexahydro-6,11-dimethyl-3-(2-propenyl)-2, 6-methano-3-benzazocin-8-ol hydrochloride, a putative sigma 1 receptor agonist), and PB 28 dihydrochloride (1-cyclohexyl-4- [3- were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals used were of the highest purity commercially available. The doses of drugs refer to the weight of salt (base equivalent is presented below under Treatment Protocol). All reagents were dissolved in sterile saline. Drug solutions were prepared in such a way that the necessary dose could be injected in a volume of 0.1 ml/10 g of body weight by an i.p. route (METH, BMY 14802, BD 1047, SM-21, and SKF 10,047) or in a volume of 0.025 ml/10 g of body weight by i.v. tail injection (PB 28).
Treatment protocol
Effect of BMY 14802 on METH-induced stereotypy
Mice were weighed, divided randomly into eight groups (n=8 per group), and treated with 10 mg/kg of METH or saline (vehicle) 30 min after indicated doses of BMY 14802 injection (0, 1, 5, and 10 mg/kg). After the challenge injection, all mice were placed in the test apparatus for measurement of locomotor activity and stereotypic behavior for 1 h as described below. The doses of the drugs (as base equivalent) were 8.0 mg/kg for 10 mg/kg METH, and 0.91, 4.5, and 9.1 mg/kg for 1, 5, and 10 mg/kg BMY 14802, respectively. Locomotor data were collected simultaneously in this experiment by the method as described below.
Effects of selective sigma receptor agonists on BMY 14802 actions
Mice were weighed and divided randomly into five groups (n=8 per group, except the group treated with 10 mg/kg PB 28 and 10 mg/kg BMY 14802, which was n=4). Subjects were treated with 10 mg/kg METH 30 min after saline, BMY 14802, or combined injection of BMY 14802 and a selective sigma receptor agonist (SKF 10,047 or PB 28, the selective sigma 1 and sigma 2 receptor agonists, respectively). Doses of METH and BMY 14802 were 10 mg/kg. SKF 10,047 (4 mg/kg) was administered i.p., whereas 1 or 10 mg/kg PB 28 was injected into the tail vein (i.v.) based on the previous descriptions in the literature (Kamei et al. 1994 (Kamei et al. , 1996 Kassiou et al. 2005) . After the challenge injection, all mice were placed in the testing apparatus for measurement of locomotor activity and rating of stereotypic behavior for 1 h as described below. The doses of the drugs (as base equivalent) were 3.5 and 0.84 mg/kg for SKF 10,047 (4 mg/kg) and PB 28 (1 mg/kg), respectively.
To confirm the dose-response for inhibition of BMY 14802 action by SKF 10,047, additional mice (n=6 per group) were treated with METH 30 min after BMY 14802 (10 mg/kg), or combined injection of BMY 14802 and various doses of SKF 10,047 (1, 4, and 10 mg/kg). The doses of the drugs (as base equivalent) were 0.88, 3.5, and 8.8 mg/kg for 1, 4, and 10 mg/kg SKF 10,047, respectively.
Effects of selective sigma receptor antagonists on METH-induced stereotypy
To confirm the involvement of sigma receptor subtypes which affect METH-induced stereotypy, additional experiments (n=6 per group) similar to that of BMY 14802 (described above) were performed using BD 1047 (10 mg/kg, i.p.), a sigma 1 receptor antagonist and SM-21 (1 mg/kg, i.p.), a sigma 2 receptor antagonist. Mice were weighed, divided randomly into five groups, and treated with 10 mg/kg of METH 30 min after saline, BD 1047, SM-21, BD1047 + SKF 10,047, or BD 1047 + PB 28. The dose of METH was 10 mg/kg. Doses of BD 1047 and SM-21 were selected based on the literature (McCracken et al. 1999; Matsumoto and Mack 2001) . The doses of the drugs (as base equivalent) were 6.3 and 0.74 mg/kg for BD 1047 and SM-21, respectively.
Effect of pretreatment with histamine H 1 receptor antagonists on BMY 14082 actions
To address whether histamine H 1 receptor signaling is involved in BMY 14802 effects on METH-induced stereotypy, mice (n=6 per group) were pretreated with 10 mg/kg BMY 14802 in combination with pyrilamine (10 mg/kg, i.p.), ketotifen (10 mg/kg, i.p.), or vehicle (saline) 30 min prior to METH and then tested for 1 h. Doses of pyrilamine and ketotifen were selected based on the literature ). The doses of the drugs (as base equivalent) were 7.1 and 7.3 mg/kg for pyrilamine and ketotifen, respectively.
Measurement of locomotor activity
Locomotor activity was measured in a transparent acrylic test box (30×30×35 cm) with approximately 25 g of fresh wood chips spread on the floor of the chamber using an Animex Auto apparatus (System MK-110; Muromachi Kikai Co., Ltd., Tokyo, Japan) in a quiet room as described previously (Kitanaka et al. 2003 . The apparatus detects changes in electrical capacitance (oscillation frequency) in an LC oscillator circuit system under the floor of the apparatus as an animal moves horizontally in an electric field. In this set of experiments, sensitivity parameter was set at 580 (Kitanaka et al. 2003) . Under this criterion, the count of oscillation frequency parallels the degree of horizontal locomotion. The acrylic test boxes were cleaned and wiped dry between sessions for each animal. All experiments were conducted between 9:00 and 16:00.
Rating of stereotypical behavior
Animals in the transparent acrylic test box undergoing locomotor testing were simultaneously observed for stereotypy for 1 h after drug administration by observers unaware of the treatments. The behavior was broken down into 30-s bins, and the predominant behavior was recorded for each bin. Since the animal's behavior was unchanged for long periods (>30 s) after drug treatment, it was possible to record the observations by hand. Behaviors scored were inactive (awake and inactive, or sleeping), ambulating, rearing, persistently locomoting, head bobbing (HB; upand-down movements of the head), continuously sniffing with apparent exploratory behavior (SN), circling (CR), and continuous nail and/or wood chip biting or licking (BT), according to the method described previously with a slight modification . In this study, the behavioral pattern "vigorous grooming with excess saliva" was not measured because very little grooming was observed. Ambulating and rearing were considered locomotor and exploratory behaviors and the last four categories were considered stereotypies. The cumulative number of bins within every 5-min period in which stereotypies were rated was shown as a time course (maximal value=10).
Statistical analysis
Values are presented as the mean ± the standard error of the means (SEM). Statistical analysis was performed using mixed factor analysis of variance (ANOVA) with or without repeated measures followed by the Bonferroni/Dunn test (Statview 5.0 for Apple Macintosh, SAS Institute, Inc., Cary, NC, USA). Statistical significance was set at P<0.05.
Results
The effect of BMY 14802 on METH-induced stereotypy and locomotion Figure 1 shows the time course of the frequency of all stereotypical behavior after METH (or saline vehicle) treatment in mice. There was an increase in the overall frequency of stereotypy in mice after METH challenge, as compared with saline challenge, beginning at 5 min postinjection, reaching a maximum at 15 min post-injection, Four categories of stereotyped behaviors were observed and the frequency of each behavior was measured for 1 h ( Fig. 2a-d) . The total count of all observed stereotypical behaviors (HB+CR+BT+SN) is also shown in Fig. 2e . METH challenge increased the frequency of each category of stereotyped behavior, compared with saline challenge (essentially none of these behaviors were observed after saline injection). Two-way ANOVA (BMY 14802 dose × METH treatment) was applied separately for each behavior shown in Fig. 2a-d Dunn test, P < 0.05). Post hoc comparisons indicated significant differences in the frequencies of stereotyped behavior components between the doses indicated in Fig. 2a-d (Bonferroni/Dunn test, P<0.05). Despite these differences in the frequency of individual stereotypical behaviors, the total incidence of stereotypy was unaffected. A separate two-way ANOVA applied to the total frequency of stereotypic behavior represented in Fig. 2e indicated a significant main effect of METH treatment (F(3, 56)= 39,519, P<0.0001), but no significant main effect of BMY 14802 dose (F(3, 56) =0.587, P=0.6258), nor any METH treatment × BMY 14802 dose interaction (F(3, 56)=0.514, P=0.6740). Regarding the METH treatment, post hoc comparisons indicated a significant difference of frequencies of total stereotyped behavior between the METHtreated and the saline-treated mice ( Fig. 2e ; Bonferroni/ Dunn test, P<0.05). Post hoc comparisons confirmed that pretreatment with BMY 14802 significantly increased METH-induced sniffing but decreased biting in a dosedependent manner, without affecting the total frequency of stereotypy (Fig. 2b,c) , while the biphasic effect on head bobbing was confirmed by a significant difference between 5 and 10 mg/kg of BMY 14802 (Fig. 2a) .
METH treatment increased locomotion compared to saline treatment, but BMY 14802 did not substantially affect locomotion in either case. Locomotor activity was analyzed by separate repeated-measures ANOVA (BMY 14802 dose × time) applied to the saline-treated (Fig. 3a) and METH-treated (Fig. 3b) subjects. There was a significant main effect of time for saline-treated (F(11, 336)=3.905, P<0.0001) and METH-treated (F(11, 336)= 12.168, P<0.0001) subjects, but no significant main effect of BMY 14802 dose for either treatment (F(3, 28)=0.320, P=0.8110 and F(3, 28)=0.602, P=0.6190 for saline-and METH-treated subjects, respectively). The BMY 14802 dose × time interaction was not significant either (F(33, 336)=1.277, P=0.1483 and F(33, 336)=1.073, P=0.3651 for saline-and METH-treated subjects, respectively). Overall, BMY 14802 did not affect locomotor activity alone nor did it affect METH-induced hyperactivity.
Effects of selective sigma receptor agonists on BMY 14802 actions
In preliminary experiments, pretreatment of mice with 4 mg/kg SKF 10,047 (a putative sigma 1 agonist) or with 1 mg/kg PB 28 (a putative sigma 2 agonist) had no effect on METH-induced stereotypical behavior in terms of either overall frequency of total stereotypy, the frequency of individual behaviors, or the time course of stereotypy induced by METH (data not shown, n=3 per group).
Next, we investigated whether selective sigma receptor agonists (SKF 10,047 for sigma 1 and PB 28 for sigma 2 ) could affect BMY 14802 actions on METH-induced stereotypies (Fig. 4) . Modulation of sigma receptor subtypes by selective agonists affected the frequency of METH-induced biting and sniffing, but not other stereotypical behaviors, nor did they affect the total stereotypy. ANOVA yielded a significant main effect of pretreatment (i.e., saline versus BMY 14802, BMY 14802 + SKF 10,047, and BMY 14802 + PB 28) for SN and BT (F(3, 28)=82.618, P<0.0001 and F(3, 28)=49.150, P<0.0001, respectively), but not HB, CR, or total stereotypy (F(3, 28)= 0.655, P=0.5865, F(3, 28)=0.489, P=0.6928, and F(3, 28)= 0.329, P=0.8044, respectively). As in the previous experiment, BMY 14802 increased METH-induced sniffing and reduced METH-induced biting (Bonferroni/Dunn test, P< 0.05 versus saline). Pretreatment with SKF 10,047 or PB 28 reduced the increase in METH-induced sniffing produced by BMY 14802 (Bonferroni/Dunn test, P<0.05 versus BMY 14802 pretreatment alone), although this effect was Nonetheless, neither treatment alone completely eliminated the effects of BMY 14802: all BMY 14802-treated subjects were significantly different from subjects treated with METH alone. Pretreatment with SKF 10,047 or PB 28 also reduced the decreases in METH-induced biting produced by BMY 14802 (Bonferroni/Dunn test, P<0.05 versus saline). Again, the effects of SKF 10,047 were much greater (Bonferroni/Dunn test, P <0.05 versus PB 28 pretreatment), but neither agonist alone completely reversed the effects of BMY 14802 and all BMY 14802-treated subjects were significantly different from subjects treated with METH alone.
A higher dose of PB 28 (10 mg/kg) did not produce greater reversal of the effects of BMY 14802 on METHinduced stereotypy. A similar behavioral pattern of METH-induced stereotypy was observed compared to that produced by 1 mg/kg of PB 28 combined with BMY 14802 (HB, 1.5±0.3; CR, 1.0±0.4; SN, 31.5±2.4; BT, 70.3±3.5; total, 104.3±3.4; n=4) .
In a further study, the effects of SKF 10,047 were shown to dose-dependently inhibit the BMY 14802-induced transition from biting to sniffing behavior in METHchallenged mice (Fig. 5) , producing increased biting and decreased sniffing behavior compared to mice treated only with METH and BMY 14802. Repeated-measures analysis of the dose effect of SKF 10,047 on METH-induced stereotypic behavior in mice pretreated with BMY 14802 yielded a significant main effect of SKF 10,047 dose for sniffing (F(3, 20) =72.541, P<0.0001) and biting (F(3, 20)= 55.976, P<0.0001), respectively. There was no effect of SKF 10,047 on other types of stereotypic behavior induced by METH, including head bobbing (F(3, 20) =0.380, P= 0.7686), circling (F(3, 20) =0.328, P=0.8052), and total stereotypy (F (3, 20) =2.322, P=0.1060). Post hoc comparisons showed that the frequency of sniffing was greater in the 0 mg/kg SKF 10,047 group compared to all other groups (Bonferroni/Dunn test, P<0.05), and also in the 1 mg/kg SKF 10,047 group compared to higher dose groups (Bonferroni/Dunn test, P<0.05). For biting, post hoc comparisons showed that biting in the 0 mg/kg SKF 10,047 group was less than all other groups (Bonferroni/ Dunn test, P<0.05), and biting in the 1 mg/kg SKF 10,047 group was less than in higher dose groups (Bonferroni/ Dunn test, P<0.05).
Effects of selective sigma receptor antagonists on METH-induced stereotypy
The effects of putative selective antagonists for sigma receptor subtypes (BD 1047 for sigma 1 and SM-21 for sigma 2 , respectively) on METH-induced stereotypies were investigated in a further experiment (Fig. 6) . Two groups were also pretreated with the selective agonists (SKF 10,047 for sigma 1 and PB 28 for sigma 2 ) in addition to the selective sigma 1 antagonist (BD 1047). Pretreatment with the selective sigma 1 antagonist BD 1047 had an effect similar to that observed previously for the non-selective sigma antagonist BMY 14802; BD 1047 increased the effects of METH on sniffing and decreased the effects of METH on biting (Bonferroni/Dunn test, P<0.05 versus saline pretreatment). This effect was not observed after treatment with the selective sigma 2 antagonist SM-21. Comparison of the five treatment groups compared by ANOVA yielded a significant main effect of pretreatment for SN and BT (F(4, 25)=55.816, P<0.0001 and F(4, 25)= 31.822, P<0.0001, for each measure, respectively), but not for HB, CR, or total stereotypy (F(4, 25)=0.196, P= 0.9384, F(4, 25)=0.159, P=0.9571, and F(4, 25)=0.1.328, P=0.2871, for each measure, respectively). This effect was not observed after treatment with the selective sigma 2 antagonist SM-21. The effect of BD 1047 on METHinduced stereotypies was completely reversed by the selective sigma 1 agonist SKF 10,047 (Bonferroni/Dunn test, P<0.05 versus BD 1047 pretreatment alone) and partially reversed by the selective sigma 2 agonist PB 28 (Bonferroni/ Dunn test, P<0.05 versus BD 1047 pretreatment alone). Effect of pretreatment with histamine H 1 receptor antagonists on BMY 14082 actions Pretreatment with the central histamine H 1 receptor antagonists pyrilamine or ketotifen had no effect on BMY 14802 modulation of METH-induced stereotypies, as shown in Fig. 7 . ANOVA yielded no significant main effect of pretreatment (i.e., BMY 14802 versus BMY 14802 + pyrilamine, or BMY 14802 + ketotifen) on HB, CR, SN, BT, or total stereotypy (F(2, 15)=0.130, P=0.8790, F(2, 15)=0.172, P=0.8437, F(2, 15)=0.299, P=0.7456, F(2, 15)=0.613, P=0.5547, and F(2, 15)=2.097, P=0.1574, for each measure, respectively).
Discussion
Sigma receptor antagonists have been reported to inhibit psychostimulant (cocaine, amphetamine, and METH) actions including locomotor hyperactivity, behavioral sensitization, striatal dopamine release, and neurotoxicity in rodents (Ujike et al. 1992 (Ujike et al. , 1996 Terleckyj and Sonsalla 1994; Izenwasser et al. 1998; Takahashi et al. 2000; Nguyen et al. 2005; Matsumoto et al. 2007 ), although there have also been some negative findings (Skuza and Rogóz 2006) . These studies suggest that sigma receptor antagonists might have therapeutic potential for the treatment of psychostimulant abuse or psychoses. The intracellular signaling systems of the sigma receptors have been less well investigated with regard to potential involvement in regulation of psychostimulant-induced stereotypical behavior (Guitart et al. 2004) , which may impact upon measures of locomotion in some of the studies mentioned above.
In the present study, we demonstrated that sigma receptor antagonists, such as BMY 14802 (a non-specific sigma receptor antagonist) and BD 1047 (a selective sigma 1 receptor antagonist), altered the pattern of METH-induced stereotypy without affecting the total amount of stereotypical behavior observed. In particular, the incidence of stereotypical biting was reduced but the incidence of stereotypical sniffing was increased (Fig. 2) , and this effect appeared to be mediated primarily by sigma 1 receptors (Fig. 6) . The two compounds BMY 14802 and BD 1407 are different from each other with regard to chemical structure and receptor subtype specificity, but the effects of the two compounds on METH-induced stereotypical behavior were identical (Figs. 4 and 6) . These effects on METH-induced stereotypy are very similar to those produced by HMT inhibitors such as metoprine and SKF 91488, which increase brain histamine levels and activate histamine H 1 receptors. These drugs also affect the pattern of METH-induced stereotypy rather than the total amount of stereotypy, producing an increase in METH-induced sniffing, but reducing METH-induced biting . Although the mechanism underlying these effects is uncertain, they may involve a shift in activity between striatal subregions implicated in the control of each of these behaviors, the central-anterior caudate putamen and the nucleus accumbens (Costall et al. 1977) .
However, with regard to locomotor behavior, there are distinct differences between the effects of sigma compounds and the effects of histamine compounds. In the case of the HMT inhibitors, metoprine shows a biphasic effect on locomotion in mice: activation at 10 mg/kg and no effect at 20 mg/kg. The biphasic action of metoprine on locomotion may be associated with elevations in extracellular histamine levels produced by metoprine (Kalivas 1982) . In contrast to these findings, BMY 14802 did not stimulate locomotor activity alone nor did it inhibit METHinduced hyperactivity. The failure to observe effects of sigma 1 receptor antagonists on METH-induced hyperlocomotion (Fig. 3b) may be due to ceiling effects since the high dose of METH used (10 mg/kg) induced persistent expression of stereotypy in all mice about 20 min after the drug challenge. By contrast, about only 30% of mice exhibited stereotypy when 5 mg/kg of METH was used (authors' unpublished observation). Since the intention of the study was to examine individual components of METHinduced stereotypy, the higher dose was chosen so that all subjects would exhibit stereotypy. It is possible that at lower doses of METH sigma effects on both hyperlocomotion, and perhaps overall levels of stereotypy, might be observed. In any case, at this higher METH dose, sigma compounds and histamine compounds appear to have similar effects on METH-induced stereotypy, but quite distinct effects on METH-induced locomotion. Furthermore, even though their effects on METH-induced stereotypy are quite similar, the mechanisms appear to be independent, as indicated by the failure of histamine antagonists to alter BMY 14802 actions on METH-induced stereotypy.
Thus, the present study, as well as our previous report , suggests that two receptor systems (histamine H 1 receptor and sigma 1 receptor signaling systems) independently alter the expression pattern of the METH-induced stereotypies, producing a shift from biting behavior to sniffing in a very similar manner, even though the effects appear to be independent of each other. These two receptor systems might share common unidentified intracellular signaling pathway(s) which influence stereotyped behavior induced by METH in distinct neural pathways involved in the production of stereotypical behavior (Costall et al. 1975 (Costall et al. , 1977 Iversen 1977; Eichler et al. 1980; Schulz et al. 1981 ), but such speculation will require clarification in further studies.
The most likely mechanism underlying these effects is a sigma 1 -mediated mechanism since (1) two sigma receptor antagonists with different chemical structures (BMY 14802 and BD 1047) produced similar results (Figs. 4 and 6) , and (2) SKF 10,047, a putative sigma 1 receptor agonist, blocked the effects of BMY 14802 on METH-induced stereotypy in a dose-dependent manner (Fig. 5) . Regional distribution of brain sigma 1 receptors suggests a role in motor behavior as sigma 1 receptor binding sites are found in brain regions associated with the mesolimbic and nigrostriatal dopamine systems (Largent et al. 1986; McCann et al. 1994; Guitart et al. 2004) . The molecular basis which may underlie the interaction of sigma 1 receptor antagonists with METH actions is a matter of speculation, but sigma compounds have been shown to influence dopamine release (Weatherspoon and Werling 1999) and dopamine transporter (DAT) function (Derbez et al. 2002) . However, such explanations would not account for the shift in responses from one type of stereotypical behavior to another, since both are associated with elevations in dopaminergic function. Furthermore, BMY 14802 did not stimulate locomotor activity nor inhibit METH-induced hyperactivity, both of which are profoundly affected by other manipulations of DAT. Therefore, alteration of DAT activity alone, or generally, may not be the primary mechanism involved in these actions of sigma 1 receptor antagonists. There is some suggestion that BMY 14802 can act directly on striatal dopamine D 1 and D 2 receptors (Terleckyj and Sonsalla 1994) , but since the effects of this compound were confirmed with a selective sigma 1 antagonist and reversed by a selective sigma 1 receptor agonist this possibility seems unlikely. Stereotyped licking, biting, and other orofacial behaviors are known to involve nigrostriatal dopaminergic neurotransmission (Iversen 1977) and distinct striatal subregions (Costall et al. 1977; Kelley et al. 1988; Delfs and Kelley 1990) . Importantly, it appears that control of sniffing and biting is mediated by different striatal subregions (Costall et al. 1977) . There is no evidence that sigma ligands affect the compartmentalization of METH in distinct striatal subregions, which might be hypothesized to affect for the transition of stereotypical behavior from biting to sniffing.
Regarding the involvement of the sigma 2 receptor subtype in the BMY 14802 actions, our results are less clear. PB 28 (1 mg/kg, i.v.), a putative sigma 2 receptor agonist, partially inhibited the BMY 14802-and BD 1047-(a putative sigma 1 receptor antagonist) induced transition of the stereotyped behavior from biting to sniffing (Figs. 4 and  6) . A higher dose of PB 28 did not have greater effects than the lower dose however. PB 28 is thought to be a sigma 2 receptor-preferring agonist (Kassiou et al. 2005) , although an in vitro study demonstrated that it acts as a sigma 1 receptor antagonist as well (Azzariti et al. 2006) , so perhaps the relatively weaker actions of PB 28 in the present study are due to non-specific effects on the sigma 1 receptor.
In humans, the expression pattern, but not severity (or intensity), of stereotyped behavior has often been a focus of investigation and clinical interest (Groves and Rebec 1976) , since patterns of stereotyped behavior observed in amphetamine abusers are more varied and complex than those observed in animal models (Randrup and Munkvad 1967) . Based on this clinical perspective, sigma 1 receptor antagonists might not necessarily be thought to improve conditions associated with aberrant repetitive behavior since the agents had no effect on the overall frequency of METH-induced stereotypy. However, by altering the pattern of the stereotyped behavior, producing a shift from biting to sniffing, might be considered to be effective under certain circumstances, such as in the treatment of selfinjurious behavior associated with chronic drug use or other conditions such as autism (Matson and Lovullo 2008) . In animal models for psychostimulant abuse, biting behavior has often been considered to be a more severe pattern of stereotypy than other behaviors, such as sniffing (e.g., Costall et al. 1975; Braestrup 1977) . It may be better to describe these behaviors as distinct, separable, and sometimes competing behavioral entities, rather than on a continuum. The psychostimulant-induced vigorous biting behavior in rodents appears to be particularly relevant to self-injurious behavior in humans (Mueller et al. 1982; Kita et al. 2000; Mori et al. 2004) , and continuous sniffing may be more related to anxiety (Blanchard et al. 2000; Markham et al. 2006) . In this regard, sigma 1 receptor antagonists might be useful for the treatment of self-injurious behavior observed in psychostimulant abusers as well as in several neuropsychiatric disorders, including autism spectrum disorders, Lesch-Nyhan syndrome, Tourette's syndrome, and de Lange syndrome (Aman 1982; Winchel and Stanley 1991; Moy et al. 2008) .
